The activation and latency of human immunodeficiency virus type 1 (HIV-1) are tightly controlled by the transcriptional activity of its long terminal repeat (LTR) region. The LTR is regulated by viral proteins as well as host factors, including the nuclear factor kappaB (NF-κB) that becomes activated in virus-infected cells. The two tandem NF-κB sites of the LTR are among the most highly conserved sequence elements of the HIV-1 genome. Puzzlingly, these sites are arranged in a manner that seems to preclude simultaneous binding of both sites by NF-κB, although previous biochemical work suggests otherwise. Here, we have determined the crystal structure of p50:RelA bound to the tandem κB element of the HIV-1 LTR as a dimeric dimer, providing direct structural evidence that NF-κB can occupy both sites simultaneously. The two p50:RelA dimers bind the adjacent κB sites and interact through a protein contact that is accommodated by DNA bending. The two dimers clamp DNA from opposite faces of the double helix and form a topological trap of the bound DNA. Consistent with these structural features, our biochemical analyses indicate that p50: RelA binds the HIV-1 LTR tandem κB sites with an apparent anticooperativity but enhanced kinetic stability. The slow on and off rates we observe may be relevant to viral latency because viral activation requires sustained NF-κB activation. Furthermore, our work demonstrates that the specific arrangement of the two κB sites on the HIV-1 LTR can modulate the assembly kinetics of the higher-order NF-κB complex on the viral promoter. This phenomenon is unlikely restricted to the HIV-1 LTR but probably represents a general mechanism for the function of composite DNA elements in transcription.
Introduction
Human immunodeficiency virus type 1 (HIV-1) causes acquired immunodeficiency syndrome (AIDS). The progression of AIDS correlates closely with the replication efficiency of HIV-1 in infected patients, which, in turn, is tightly coupled to the transcription of the viral genome. The transcription of HIV-1 is regulated by viral proteins as well as cellular factors of host cells. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Although active replication of HIV-1 can be reduced to undetectable levels by antiviral drugs, latently infected memory CD4 + T cells are insensitive to current antiviral chemotherapy and present a major challenge to eradicating HIV-1 virus from infected individuals.
The maintenance and reactivation of HIV-1 latency are also tightly controlled by host factors that regulate the silence and re-initiation of viral transcription. [12] [13] [14] [15] The transcription of HIV-1 is initiated from the long terminal repeat (LTR) region of the viral genome. The HIV-1 LTR harbors cis-acting DNA sequences recognized by a variety of host transcription factors. 16 Among these cis elements, the regulatory region between nucleotides − 104 and − 80 is the most conserved and extensively characterized. 1, [17] [18] [19] [20] [21] Substantial evidence suggests that this region and the adjacent three Sp-1 sites are important for HIV-1 transcription. The region spanning − 104 to − 80 contains two consensus nuclear factor kappaB (NF-κB) binding sites that are identical with the κB site found on the promoter of the immunoglobulin (Ig) κ light-chain gene, also known as the Ig κB site. The upstream and downstream κB sites on the HIV-1 LTR are referred to as Core II and Core I, respectively. 20 The sequences of the κB sites and the four-nucleotide spacer are highly conserved on most isolates of HIV-1. 16, [21] [22] [23] Deletion and site-directed mutation of these κB sites abolish reporter gene activation driven by the HIV-1 LTR. 1, [17] [18] [19] [20] [21] Despite earlier conflicting results, 24, 25 later studies strongly suggest that HIV-1 uses the conserved κB sites to enhance its replication in infected host cells. 26, 27 The conservation of κB sites on the HIV-1 LTR suggests that NF-κB, which is often activated in virally infected cells, may be a key host transcription factor subverted for HIV-1 transcription. 1, 10 Other host factors, such as NFAT1 (nuclear factor of activated T cell 1) and NFAT5, have also been implicated in activating HIV-1 transcription through these sites, 20, 21, [28] [29] [30] probably allowing HIV-1 to replicate efficiently under different cellular conditions where distinct sets of host factors are activated. Numerous studies have revealed a correlation between the activity of NF-κB and LTR-dependent transcription as well as viral growth and replication. 9, [12] [13] [14] [15] [31] [32] [33] Physical association of NF-κB with the HIV-1 LTR has also been demonstrated both in vitro and in vivo. 9, 13, 19, 20, 26, 34 Of the 15 potential NF-κB homo-and heterodimers, [35] [36] [37] the p50:RelA heterodimer most likely plays the major role in activating the HIV-1 LTR given its abundance in stimulated T cells and the fact that the κB sequence (GGGACTTTCC) on the HIV-1 LTR is most optimal for recognition by the p50:RelA heterodimer, 38 although the p50 homodimer has also been implicated in silencing HIV-1 transcription to promote viral latency through these κB sites. 12 The activity of NF-κB is inhibited by IκB α, [39] [40] [41] [42] which is degraded by signals that activate NF-κB. [43] [44] [45] The synthesis of IκB α, in turn, is upregulated by NF-κB. 46 This negative feedback loop creates intricate oscillation waves of NF-κB that can couple specific NF-κB activation signals to selective gene expression. [47] [48] [49] Recent studies have shown that activation of the HIV-1 LTR requires sustained NF-κB stimulation whereas transient NF-κB induction is sufficient to activate some other κB-dependent genes. 13 While this unique regulatory property of the HIV-1 LTR could be relevant to the maintenance of HIV latency, its molecular basis is not clear.
A potential clue may reside in the particular arrangement of the tandem κB sites on the HIV-1 LTR. Although multiple κB sites have been found in a variety of cellular promoters, 50 the specific configuration of the tandem κB sites conserved on the HIV-1 LTR has not been found in any known host promoters using a relaxed sequence search that identifies a degenerate set of κB sites in tandem arrangement between one and six base pairs apart (M. Hartwig and L. Chen, unpublished results). Characterization of κB-dependent cellular genes reveals that multiple κB sites on a gene's promoter can act coordinately to exert exquisite control of the expression of target genes. 50 The two κB sites on the HIV-1 LTR apparently also function together as mutation of either one of them dramatically reduces the transcriptional activation of the HIV-1 LTR. 1, 2, 18, 19 In vitro binding assays and footprinting suggest that the DNA binding domain and full-length protein of NF-κB can bind the tandem κB sites simultaneously as a higher-order complex. 20, 25 Most studies probing the function of the tandem κB element of the HIV-1 LTR involve mutations of the two κB sites or the spacer region. While the majority of the data support the functional importance of this enhancer element in HIV-1 transcription, 1, 2, 18, 19, 26, 27 results from a number of mutations in the spacer region are difficult to interpret. 14, 19 A limitation of these mutational studies is that alteration of the tandem κB sites and their spacer region may fundamentally change the properties of the HIV-1 LTR such that the behavior of the modified virus may not reflect that of the native virus. Thus, to further study the transcriptional mechanism of the HIV-1 LTR, it is important to characterize the structure and function of host factors bound to these sites. Here, we have determined the crystal structure of the DNA binding domain of p50:RelA bound to the HIV-1 LTR tandem κB sites as a dimeric heterodimer. This is the first higher-order NF-κB complex bound to two adjacent κB sites characterized by crystallography. Our structure and accompanying biochemical analyses reveal how DNA binding and protein-protein interaction are coupled together in the assembly of a kinetically stable p50:RelA complex on the HIV-1 LTR. These studies will help understand and further investigate HIV-1 regulation by NF-κB in active viral replication and latency and have general implications for understanding the combinatorial mechanism of eukaryotic gene regulation.
Results

Structure determination and refinement
We have crystallized the heterodimer of the rel homology region (RHR) of human p50 (amino acid residues 39-350) and RelA (amino acid residues 19-291, also known as p65) bound to a 26-mer doublestranded DNA containing the tandem κB sites from the HIV-1 LTR. The crystals diffracted to 3.6 Å resolution. The structure was solved by the molecular replacement method and refined using a strategy taking advantage of previously solved structures of p50:RelA at higher resolutions. [51] [52] [53] [54] [55] After the original molecular replacement solution was found using the coordinates from a medium-resolution structure, 51 we used the protein coordinates from several higherresolution structures of p50:RelA bound to different κB elements as a starting point for restrained refinement. [52] [53] [54] After placing corresponding domains from the high-resolution structures by least-squares fitting, we performed restrained molecular dynamics and minimal rebuilding to obtain the final model. Using the lower-resolution coordinates for molecular replacement followed by replacing those coordinates with least-squares-fitted higher-resolution coordinates removed much of the bias from the molecular replacement solution. As a result of this procedure, prior structural knowledge from higher-resolution studies is retained in our medium-resolution model. The statistics of data collection and refinement are presented in Supplemental Table 1 .
Overview of the structure
The asymmetric unit of the crystal contains two independent but nearly identical complexes. The two complexes stack together head to tail through DNA ends and through protein-protein interactions between a p50:RelA dimer on Core I of one complex and another dimer on Core II of the adjacent complex (Fig. 1) . The DNA forms a pseudocontinuous helix throughout the crystal lattice. Because the p50:RelA dimer forms a nearly complete circle around its DNA substrate, the pseudocontinuous DNA helix is coated by NF-κB proteins along almost its entire length. The crystal packing between adjacent complexes along the DNA axis is reminiscent of that seen in other NF-κB/DNA complex crystals. 56 These packing interactions suggest that the NF-κB dimer may interact with each other to bind DNA cooperatively on adjacent κB sites. Our structure, as well as the previously published study of the p50:RelB complex, 56 indicates that the two κB sites must be arranged in a two-base spacing for this to occur. However, tandem or dyad κB sites separated by two base pairs have so far not been found in natural κB-dependent promoters, including the HIV-1 LTR, suggesting that the formation of clusters of κB sites may not be driven by binding cooperativity but other functional mechanisms.
Structural variation of the p50:RelA dimer
The p50:RelA dimers bound to Core I and Core II resemble each other and the previously determined structures of p50:RelA bound to the same or closely related DNA sequences. [51] [52] [53] [54] [55] The RHR of p50 and that of RelA consist of two independently folded Ig domains connected by a flexible linker. The Cterminal domain (RHR-C) mediates dimerization whereas the N-terminal domain (RHR-N) recognizes specific DNA sequences. Using the RHR-C dimerization domain as a reference, which is the most invariant part of NF-κB, structural comparison shows that the p50:RelA dimer bound to Core I and Core II differs appreciably in the relative orientation of RHR-N in both p50 and RelA (Fig. 2) . Similarly, significant difference is also observed in the structural comparison between the p50:RelA dimers bound to the HIV-1 LTR and that bound to an isolated Ig κB site. 51 Previous studies have revealed that the conformation of p50:RelA varies upon binding to κB sites with different sequences. [52] [53] [54] Such sequence-dependent structural changes have been proposed to confer functional specificity to various κ sites in vivo. 50, [52] [53] [54] Here, we show that the relative orientation of RHR-N and RHR-C of p50: RelA is different even when bound to κB sites with the same core sequence but in different promoter contexts and environments. The degree of structural variation observed here is comparable with that observed when comparing p50:RelA bound to κB sites of different sequences (data not shown). While this observation complicates the interpretation of the allosteric effects of DNA on the structure and function of bound NF-κB, 55 it nevertheless suggests that the conformation of the p50:RelA dimer is highly adaptive to surrounding molecular interactions. This adaptation may facilitate the assembly of different NF-κB enhancer complexes in different promoter contexts.
DNA structure and indirect readout
The DNA in the crystal structure has well-defined electron density, especially at the phosphate backbone (Fig. 3a) . The structure of the DNA deviates from the ideal B-form in two aspects. First, the DNA contains a significant bend of about 35°in the spacer region between the two κB sites (Fig. 3b) . The center of the bend is located near the 5′ end of Core I. Here, the major groove of DNA from Gua15 to Gua18 becomes widened, whereas the adjacent minor groove becomes narrowed (Fig. 3a) . A similar but not identical DNA bend was also observed in the structure of a higherorder NFAT complex bound to the same HIV-1 LTR tandem κB sites 30 ( Fig. 3b) , indicating that the spacer region between the two κB sites on the HIV-1 LTR has a tendency to bend or an intrinsic bend that can be further remodeled by bound factors.
The second notable DNA deformation occurs in the middle region of the κB site of both Core I and Core II. As shown in Fig. 3c for Core II, the electron density of base pairs of Ade5-Cyt6-Thy7-Thy8 suggests a cross-strand shift of this region that distorts the standard Watson-Crick base pairing. This structural deformation is also evident from the diagonal offset (overwinding) of the DNA backbone. By contrast, the structure of the neighboring DNA bases, including the 5′ (Gua2-Gua3-Gua4) and 3′ (Thy9-Cyt10-Cyt11) κB half sites, is maintained in a regular B-DNA conformation with standard Watson-Crick base pairing. The DNA in the crystal structure of p50:RelA bound to an isolated Ig κB site also shows a severe structural distortion in the middle region of the κB site that is characterized by overwinding of the backbone and out-of-plane twist of base pairs. 51 The electron density derived from our crystals suggests that base stacking seems to be preserved in both strands, which is energetically more favorable. The staggering of the DNA may establish a new register of base pairing (Fig. 4a) or allow bifurcated hydrogen bonds to be formed between offset base pairs. 59 Further studies at higher resolutions will be required to analyze the structural details. The middle region of the κB site makes few direct contacts to the proteins; thus, the observed structure changes may serve as a mechanism of indirect readout of DNA by the p50:RelA dimer.
Conservation of DNA binding mechanism
The structures of p50:RelA bound to several different κ sites have been solved. [51] [52] [53] [54] [55] These structures and related biochemical studies have established a conserved DNA binding mechanism by the p50: RelA dimer. The general features of this mechanism, including dimerization and DNA recognition, are largely conserved in the higher-order complex of p50:RelA bound to the tandem κB sites on the HIV-1 LTR. The detailed p50:RelA-DNA interactions in the context of the HIV-1 LTR were analyzed by the program NUCPLOT, 58 which made pairing assignments for the distorted middle region of the κB site most consistent with a shifted base-pairing geometry (Fig. 4a) . Most of the key DNA binding interactions, such as the recognition of Gua16, Gua17, and Gua18 by the stacked side chains of His364, Arg356, and Arg354 of p50 ( Fig. 4b ) and the recognition of Gua25′ and Gua24′ by Arg35 and Arg33 of RelA (Fig. 4c) , are evident from the features of calculated electron density. The well-defined electron density at the protein-DNA interface and its consistency with prior knowledge of DNA recognition by the p50:RelA dimer serve as critical validation for the structure and provide us with confidence to interpret the biological implication of other structural features. The HIV-1 LTR has been analyzed by in vivo dimethylsulfate (DMS) footprinting to reveal potential protein contacts under physiological conditions. 60, 61 In these studies, HIV-1-infected T cells were treated with DMS. The resulting footprinting pattern revealed extensive protection of guanine nucleotides in both the Core II and Core I regions, including Gua3, Gua4, Gua6′, Gua10′, Gua11′, Gua16, Gua17, Gua20′, Gua24′, and Gua25′ (Fig.  4a ). The p50:RelA dimers in our crystal structure contact all of these protected guanines. Interestingly, upon transcriptional activation, the most significant change in the footprinting pattern is an increase in DMS reactivity near Gua15 in the spacer region at the 5′ end of Core I. Our structure reveals a significant bend around Gua15, which may explain the enhanced reactivity of this guanine towards DMS. The fact that the DMS hypersensitivity in the spacer region follows activation suggests that the DNA deformation we observe is likely induced by the binding of NF-κB or other proteins.
Structural evidence of kinetic stabilization
The p50:RelA dimers bound to Core I and Core II interact with each other through a limited but welldefined interface. Here, the L1 loop of p50 from the dimer on Core I makes a close contact with the corresponding L1 loop of RelA bound to Core II (Fig.  5a ). The electron density shows a clear path for the backbone of both loops (Supplemental Fig. 1 ) and some side-chain features. A potential assignment of interacting residues at the L1-L1 loop interface is shown in Fig. 5b . The interface buries about 246 Å 2 of solvent-accessible surface and does not show extensive chemical complementarity typically observed in attractive protein-protein interactions. These observations suggest that this loop-loop contact may not contribute to binding cooperativity but rather affect the assembly of the p50:RelA/HIV-1 LTR complex through other mechanisms. The σ-A-weighted DNA density is well defined. Knobs in the density, observable around the tetrahedrally arranged red oxygen atoms, which correspond to backbone phosphate groups, combined with the absence of a knob at the 5′ ends of the DNA (not shown) establish two possible orientations of the DNA in the asymmetric unit. General agreement with the base density combined with prior knowledge of protein-DNA recognition 51 disambiguates these two possibilities. The DNA is colored magenta. Yellow, p50 on Core II; green, RelA on Core II; cyan, p50 on Core I; orange, RelA on Core I. (b) Comparison of the LTR tandem κB DNA from the NFAT1 (black) and NF-κB (magenta) bound structures. 30 The DNA was aligned by least-squares fitting of the phosphorous atoms of both DNAs. The superposed DNA on the left are oriented to show the direction of the largest bend. In this direction, the bends (shown as an axis made by a five-point spline by CURVES) 57 Modeling using a straight B-DNA of the HIV-1 LTR and the previously determined structure of p50: RelA suggests that two p50:RelA dimers bound to Core I and Core II would clash with each other through their L1 loops (Supplemental Fig. 2 ). 52 Binding of p50:RelA and the related p50:RelB dimer to the tandem κB sites on the HIV-1 LTR shows significant anti-cooperativity in that the second Fig. 4 (legend on next page) dimer binds to the DNA much more weakly than the first dimer. 52, 56 Altering the spacing between the two κB sites on artificial synthetic DNA can alleviate the anti-cooperativity, 56 probably by removing the clash. On the natural promoter of the HIV-1 LTR observed here, the L1-L1 clash appears to be avoided by DNA bending and by the rigid shift of the RHR-N of p50 on Core I and RelA on Core II (Fig. 2) . The DNA bends exactly under the L1-L1 loop contact point and in a direction that tilts the The presence of clear electron density for several key head groups such as Arg354, Arg356, and His364 helps to establish that the protein in this area is p50 (cyan). Hydrogen bonding is assigned using prior knowledge of p50-DNA recognition and is shown as green dashes. 51 Density is shown as gray mesh. (c) σ-A-weighted 3F o − 2F c electron density of RelA-Core I protein-DNA recognition at 0.5 e/Å 3 . The presence of clear electron density for several key head groups such as Arg33 and Arg35 helps to establish that the protein in this area is RelA (orange). Hydrogen bonding is assigned using prior knowledge of RelA-DNA recognition 51 and is shown as green dashes. Density is shown as gray mesh. adjacent p50 and RelA to accommodate the opposing loops (Fig. 5a) .
P50:RelA binds isolated Ig κB sites with a very high affinity (K d ∼ 10 − 13 to 10 − 10 M), 52, 62 which is equivalent to 17-13 kcal/mol of binding free energy. On the HIV-1 LTR, some of this energy is used to drive conformational changes in DNA and protein, leading to the observed anti-cooperativity in binding assays. While these conformational changes may be important for binding other factors, such as transcriptional co-activators, the relatively high energy cost associated with these structural changes implies a high activation energy barrier of the transition state during the assembly of the p50: RelA/HIV-1 LTR complex, which, in turn, may lead to enhanced kinetic stability of the assembled complex.
P50:RelA binds DNA like a pair of clamps (Fig.  5c ). The only exit for DNA is the cleft between the Nterminal domain (RHR-N) of p50 and RelA in the dimer. On the HIV-1 LTR, because the two κB sites are separated by about half helical turn, the two clamp-like p50:RelA dimers approach DNA from opposite directions. As a result, the dissociation of the DNA from the cleft of one p50:RelA dimer will be hindered by the nearby dimer (Fig. 5c ). This trapping effect is further enhanced by the L1-L1 loop contact, which bridges the two dimers (Fig. 5d) . From the view of protein, the dissociation of one p50:RelA dimer from the DNA will experience hindrance from the nearby dimer. These structural features also suggest that a main effect of binding two p50:RelA dimers to the tandem κB sites of the HIV-1 LTR is enhanced kinetic stability of the assembled protein-DNA complex.
Biochemical analyses of the p50:RelA/HIV-1 LTR complex
Similar to that reported in literature, 52, 56 we have also observed anti-cooperative binding of p50:RelA to the HIV-1 LTR tandem κB sites in electrophoresis mobility shift assay (EMSA). Our structure suggests that a likely cause of the anti-cooperativity is the L1 loop clash described above (Supplemental Fig. 2 ). This clash is consistent with the observation that changing the spacing between the two κB sites can alter the binding behavior of the NF-κB dimer. 56 To further address this issue on the natural HIV-1 LTR sequence, we deleted residues Glu373, Lys374, Asn375, and Lys376 at the tip of the p50 L1 loop (Fig. 5b) . This p50Δ373-6 mutant expressed well and formed a heterodimer with the RHR of RelA. The p50Δ373-6:RelA dimer binds the isolated Ig κB site with a similar affinity to that of the wild-type p50: RelA dimer (data not shown and see below). However, as shown in Fig. 6 , this mutant dimer showed improved ability to form the higher-order complex (lanes 10-19) on the HIV-1 LTR relative to the wild-type p50:RelA dimer (lanes 1-9). For p50: RelA, the K d of binding of the first heterodimer is 1.5 ± 0.22 nM while the K d of binding of the second heterodimer is 6.4 ± 0.21 nM. For p50Δ373-6:RelA, the K d of binding of the first heterodimer is 1.51 ± 0.217 nM while the K d of binding of the second heterodimer is 3.14 ± 0.45 nM. These binding constants indicate that the loop deletion in p50Δ373-6: RelA reduces the anti-cooperative binding observed in wild-type p50:RelA. Comparison between lanes 18-19 and lanes 8-9 also confirms that the binding energetics of the first dimer to the HIV-1 LTR is similar for the wild-type dimer and the p50 deletion mutant, suggesting that the L1 truncation in p50 does not affect appreciably the DNA binding of p50:RelA to isolated κB sites.
We measured the dissociation rates of the ternary complex of p50:RelA bound to the wild-type HIV-1 LTR tandem κB sites and to a mutant probe with three additional base pairs inserted between the two κB sites (Fig. 7a) . To maintain a similar flanking region for each κB site, we repeated the spacer sequence GCT to make the insertion mutant. As a control, we also measured the dissociation rate of the p50:relA dimer on an isolated Ig κB site. The kinetic dissociation studies involved chasing radiolabeled complexes using excess unlabeled DNA probes. As shown in lanes 2-5 of Fig. 7b , the p50: RelA dimer bound to the Ig κB site (indicated as dimer in Fig. 7b ) has a relatively slow dissociation rate compared to most transcription factor/DNA complexes. 63 This slow dissociation rate probably arises from the high-affinity binding and the near enclosure of the DNA by the NF-κB dimer. On the HIV-1 LTR, the fully assembled p50:RelA dimeric dimer (indicated as tetramer in Fig. 7b ) is even more kinetically stable (lanes 7-10, Fig. 7b ), whereas the corresponding complex formed on the insertion mutant is less stable (lanes 12-15, Fig. 7b ). It should be noted that in lanes 7-10 of Fig. 7b , the binary complex on the HIV-1 LTR lasts longer than the complex formed on the isolated Ig κB site in the cold chase experiment (lanes 2-5, Fig. 7b ). This effect is likely due to the slow dissociation of the ternary complex that replenishes the pool of binary complexes consisting of p50:RelA bound to either Core I or Core II.
Quantitative analysis (Fig. 7c ) of the dissociation data obtained from EMSA indicates that the ternary complex of p50:RelA bound to the wild-type HIV-1 LTR (t 1/2 = 123 ± 5.0 s, Fig. 7c , green curve) has a significantly higher kinetic stability than the complex formed on the insertion mutant (t 1/2 = 55.4 ± 3.7 s, Fig.  7c, blue curve) . The half-life of the p50:RelA dimer bound to the single Ig κB site was also calculated (t 1/2 = 70.2 ± 3.3 s, Fig. 7c, red curve) . We expect the dissociation half-life to be similar for the isolated Ig κB site and the insertion mutant if the two p50: RelA dimers bind the two κB sites of the insertion mutant independently and in a manner similar to the isolated site. However, under different in vitro and in vivo conditions, it is possible that the measured kinetic rates of protein-DNA complexes may be affected by other factors such as flanking sequences and experimental conditions. [64] [65] [66] [67] Nevertheless, our data here suggest that the ternary p50: RelA complex assembled on the HIV-1 LTR is more stable than that formed on the isolated κB site and on the insertion mutant under our experimental conditions, which is consistent with our structural analyses.
Discussion
A prevalent model of enhanceosome function is cooperative binding of transcription factors to adjacent DNA sites. 55, 65, 68, 69 On the HIV-1 LTR, however, the highly conserved tandem κB sites bind p50:RelA and p50:RelB with measurable anticooperativity. 52, 56 Our crystal structure reveals that the p50:RelA dimers on Core I and Core II contact each other through their L1 loops. We further show that deletion of the L1 loop of p50 can facilitate the formation of the ternary p50:RelA complex on the HIV-1 LTR, demonstrating that the structural basis of the observed anti-cooperativity in EMSA indeed arises from significant structural rearrangements required to avoid a clash of the L1 loops.
A common but peculiar feature of several NF-κB structures solved to date is the extended L1 loop that projects away from the Ig fold. Despite making little contact to the main body of the protein, the L1 loop has a relatively well-defined structure. This loop seems to be poised to interact with DNA in the flanking region and nearby factors. 70 Indeed, as seen in the beta interferon enhanceosome complex, the L1 loop of p50 makes a small contact to IRF-7. 55 Here, in the p50:RelA/HIV-1 LTR complex, the L1 loop plays a key role to mediate the interaction between two adjacently bound p50:RelA dimers. Our data suggest that the L1-L1 loop contact serves to couple the free energy of DNA binding to conformational changes in the protein-DNA complex, including the bending of the DNA and the rigid shift of the RHR-N domains of the interacting p50 and RelA. The conformation of the fully assembled complex may be functionally relevant in recruiting additional factors such as IRF-1or co-activators such as p300/CBP. 9 The amount of free energy involved in driving the conformational change in protein and DNA can be estimated by the K d difference between the first and the second dimer, which is about 1000-fold or 4 kcal/mol 52 (J.S. et al., unpublished data). We expect the intrinsic free energy of DNA binding by each dimer to be similar since we did not observe significant structural differences at the protein-DNA interface between Core I and Core II. The detailed protein-DNA interactions of both dimers are also similar to that seen in the complex of p50: RelA bound to an isolated κB site. 51 Despite the significant structural rearrangements and the substantial free energy needed to drive these rearrangements, each p50:RelA dimer on the HIV-1 LTR still binds its cognate site in the canonical mode; that is, we observe no slippage at the protein-DNA interface. The conservation of the DNA binding mechanism also includes structural changes implicated in the indirect readout. These observations suggest that the strong protein-DNA interaction characteristic of NF-κB will hold the protein-DNA register in the assembly of the high-order transcription factor complexes. 55, 69 Another potential mechanism of enhanceosome function is through the regulated assembly kinetics of higher-order transcription factor complexes. 63, 65, 69, 71 This mechanism is particularly interesting considering that oscillating NF-κB activity has been shown to couple specific stimuli to selective gene expression. [47] [48] [49] Moreover, recent studies have shown that the HIV-1 LTR requires sustained NF-κB stimulation for activation whereas transient NF-κB activity is sufficient to activate other κB-dependent genes, 13 but exactly how this selectivity is achieved at the molecular level is not well understood. The assembly kinetics of transcription factor complexes on specific promoter elements may play a key role in this process. 72 A number of observations suggest that the higherorder p50:RelA complex assembled on the HIV-1 LTR has unusual kinetic properties. First, a substantial amount of free energy derived form the DNA binding by the second p50:RelA dimer is apparently used to drive conformational changes in protein and DNA, implicating a high activation energy barrier for the assembly reaction. Second, the two p50:RelA dimers, bridged by the L1-L1 loop contact, form a topological trap around the DNA, similar to that described for RecA. 73 Indeed, we observe that the high-order p50:RelA complex bound to the HIV-1 LTR exhibits more kinetic stability than the complex on isolated κB sites and the enhanced kinetic stability depends on the specific juxtaposition of the two κB sites. Although experimental and cellular conditions may influence the measured kinetic rates, 73 the effects of varying DNA sequences on the dissociation kinetics of the p50:RelA ternary complex measured under our in vitro conditions are consistent with our structural data.
Although transcription factor complexes that bind to composite sites cooperatively might gain kinetic stability through increased affinity, 65, 69, 71 the p50: RelA/HIV-1 LTR complex is unique because it displays enhanced kinetic stability despite the anticooperative binding of its protein constituents, suggesting that the p50:RelA/HIV-1 LTR complex has an unusual assembly mechanism. Since the second p50:RelA dimer binds the HIV-1 LTR weakly (K d at approximately micromolar levels) and yet with a slow kinetic off rate (∼5 × 10 − 3 s − 1 ), it follows that the on rate for the second dimer must be even slower (∼5 × 10
. The slow on rate for the second p50:RelA dimer may explain why the HIV-1 LTR requires sustained NF-κB stimulation for activation. 13 While understanding how the kinetic properties of the p50:RelA/HIV-1 LTR complex are related to the in vivo regulation of HIV-1 life cycle awaits future studies, our data suggest that the organization of the two κB sites on the HIV-1 LTR can influence the kinetics of assembly for the higher-order NF-κB complex on the LTR. Though our studies are limited to a viral context here, the observation that anti-cooperativity can influence assembly kinetics probably represents a more general mechanism of combinatorial gene regulation and thus expands the role of composite DNA elements in the genome. 68 A number of host transcription factors, including NF-κB, NFAT1, and NFAT5, have now been shown to bind and activate transcription from the HIV-1 LTR. [19] [20] [21] 28 We have previously shown that NFAT1 can also bind the HIV-1 LTR as both a dimer and a higher-order complex. 29, 30 These systematic structural and biochemical analyses, together with functional data supporting the role of NF-κB and NFAT in HIV transcription, suggest that the same promoter enhance element can support the assembly of distinct transcription factor complexes under a variety of cellular conditions.
More than 250 host proteins are shown to be involved in the viral life cycle of HIV-1, many of which represent potential therapeutic targets for AIDS. 10 To explore such an antiviral strategy, it is important to characterize the detailed mechanisms by which host factors are recruited by HIV-1 for viral infection and replication, especially those specific aspects of structure and function of hostviral complexes that may be selectively targeted for intervention. The unique structure and function of the p50:RelA/HIV-1 LTR complex revealed by our studies here could provide a basis for developing therapeutic strategies by inhibiting active viral replication or inducing reactivation of latent virus.
Experimental Procedures Materials and sample preparation
The p50:RelA dimer was prepared according to previously published procedures with some modifications. 51 Briefly, human p50 (amino acids 39-350) and RelA (amino acids 19-291) were cloned into a pET28a vector and transformed into BL21 (DE3) pLysS for expression by standard procedures. The cells were lysed by sonication in lysis buffer (500 mM NaCl, 10 mM Hepes, pH 7.7, and 10 mM β-mercaptoethanol). The cleared lysate was purified over Ni-NTA beads (Qiagen) following the manufacturer's protocol. The eluted protein was further purified on an UNO S6 column (Bio-Rad) with a 10% to 30% NaCl gradient (10 mM Hepes, pH 7.7, and 5 mM β-mercaptoethanol). Both p50 and RelA were purified by the same procedure separately.
Purified p50 and relA were mixed in a 1:4 (p50:RelA) molar ratio (typically 100 mg of protein total), denatured in 50 mL denaturing buffer (8 M urea, 0.5 M NaCl, and 5 mM β-mercaptoethanol), and refolded at 4°C to form heterodimers. Refolding was done with four 6-h dialysis steps. The first two steps were in high salt refolding buffer (0.5 M NaCl, 10 mM Tris, pH 7.61, and 5 mM β-mercaptoethanol), and the second two steps were in low salt refolding buffer (20 mM NaCl, 10 mM Tris, pH 7.61, and 5 mM β-mercaptoethanol). The refolded complex was again nickel purified as described above, concentrated to 0.5 mL, passed over a HiLoad 16/60 Superdex 200 size-exclusion column (Amersham Biosciences #17-1071-01) in storage buffer (150 mM NaCl, 5 mM DTT, and 10 mM Tris, pH 7.61), and concentrated to 7-10 mg/ml. The samples were stored at −70°C in storage buffer containing 20% glycerol. The p50Δ373-6 mutant was made by QuikChange mutagenesis (Stratagene #200518) with the following primers: 5′-CCTGGTGCCTCTAGTAAGTCTTACCCTC-AGG-3′ and 5′-CCTGAGGGTAAGACTTACTAGAGG-CACCAGG-3′. The p50Δ373-6 was expressed, purified, refolded, and stored with RelA as described for the p50 wild-type construct above.
The DNAs used for crystallization and biochemical analyses, including the wild-type HIV-1 LTR Core sequence, the insertion mutant, and the isolated Core I, were prepared as described previously. 30 Crystallization, data collection, structure determination, and analysis
The p50:RelA/HIV-1 LTR Core DNA complex was prepared by mixing 2:1 equivalents of heterodimer and DNA at a concentration of 16 mg/mL in dilution buffer (10 mM DTT, 100 mM NaCl, and 25 mM Tris, pH 7.61). Crystals of the protein-DNA complex were grown at 16°C by the hanging-drop method using a reservoir buffer of 50 mM BTP, pH 6.3, 50 mM CaCl 2 , 7% (w/v) polyethylene glycol 3K, 1 mM spermine, 10 mM DTT, and 8% (v/v) glycerol. Typically, crystals grew to 200 μm × 200 μm × 150 μm in 4-5 days. The crystals were indexed in space group P4 2 , with cell dimensions a = b = 167.539 Å and c = 172.56 Å. Crystals were stabilized and cryoprotected by harvesting straight into mother liquor containing 14% (w/v) polyethylene glycol 3K. All crystals were flash frozen in liquid nitrogen for storage and for data collection under cryogenic conditions (100 K). The data were collected at the Advanced Light Source (Lawrence Berkeley National Laboratory, Berkeley, CA) beamline 8.2.2 (wavelength, 1.0688 Å). Data were reduced using DENZO and SCALEPACK. 74 The data are 90.4% complete with an I/σ = 26.3 (2.0 for the highest-resolution shell). The linear R is 0.082.
The structure of the p50:RelA/HIV-1 LTR Core DNA complex was solved by the molecular replacement method in the P4 2 2 1 2 space group. We used the structure of p50:RelA/Ig-κB complex 51 as a partial model for the rotational search using CNS. 75 Independent rotational search solutions were used for translational search. These searches were combined by model building and subjected to packing analysis by visual inspection. Excellent packing with no clash was seen in two solutions wherein the DNA aligns into a pseudo-continuous helix along two of the 2 1 symmetry axes parallel with a and two of the 2 1 symmetry axes parallel with b of the unit cell. This initial solution was validated with the Phaser program. 76 Because exact rotomers for many side chains cannot be confidently placed in the 3.6-Å density, we replaced the lower-resolution subunits from 1vkx 51 with higherresolution structures of p50 and RelA from Protein Data Bank entries 1ikn 77 and 1nfk 78 by least-squares fitting followed by minor building and refinement and even-tually dropping the symmetry to P4 2 so that the refinement could converge.
The electron density for the most part of the structure, including the side chain of bulky residues, is well defined. We used a number of landmarks within the density map to validate our model for the assembly of p50:RelA bound to the HIV-1 LTR. These include the DNA recognition regions (Supplemental Figs. 3 and 4) and the distinctive α-helices of the p50 and RelA Nterminal domains (Supplemental Figs. 5 and 6 ). These landmarks provide an unambiguous model for the assembly.
Electrophoresis mobility shift assay Double-stranded DNA fragments were end labeled with P with T4-PNK (Promega) and purified by sizeexclusion chromatography (Bio-Rad Micro Bio-Spin 6). Protein (the p50:RelA and the p50Δ373-6:RelA heterodimers) at varying concentrations was bound to labeled DNA at a concentration of 35 pM. The reactions were allowed to incubate at room temperature for 15 min and then loaded onto a 6% acrylamide gel in 0.5× TBE and ran for 2 h at 120 V. The gel was dried and quantified by phosphor imaging. The K d was determined from lanes with significant integrated intensities of all three bands by integrating free, singly bound (one heterodimer), and doubly bound (two heterodimers) DNA bands and applying the equation 
Measurement of the kinetic stability of complexes
To analyze the dissociation rate, we mixed the p50:RelA heterodimer with 32 P-labeled DNA (wild type and the insertion mutant) to a final concentration of 65 nM labeled DNA and 156 nM heterodimer in binding buffer (10 mM Hepes, pH 7.4, 100 mM NaCl, 1 mM DTT, and 5% glycerol). At time t = 0, 1000-fold excess of unlabeled DNA was added to compete for heterodimers. At various time points, an aliquot was loaded on a 6% non-denaturing polyacrylamide gel. The bound and unbound DNA probes were separated by electrophoresis and quantified by phosphor imaging. The following equation was used to fit the dissociation curve: 
Accession numbers
Coordinates and structure factors have been deposited in the Protein Data Bank with accession number 3GUT.
